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Mixing modelWepresent a novel application for quantitatively apportioning sources of organicmatter in streambed sediments
via a coupled molecular and compound-speciﬁc isotope analysis (CSIA) of long-chain leaf wax n-alkane bio-
markers using a Bayesianmixingmodel. Leaf wax extracts of 13 plant species were collected from across two en-
vironments (aquatic and terrestrial) and four plant functional types (trees, herbaceous perennials, and C3 and C4
graminoids) from the agricultural RiverWensum catchment, UK. Seven isotopic (δ13C27, δ13C29, δ13C31, δ13C27–31,
δ2H27, δ2H29, and δ2H27–29) and two n-alkane ratio (average chain length (ACL), carbon preference index (CPI))
ﬁngerprintswere derived,which successfully differentiated 93% of individual plant specimens by plant functional
type. The δ2H values were the strongest discriminators of plants originating from different functional groups,
with trees (δ2H27–29 = −208‰ to −164‰) and C3 graminoids (δ2H27–29 = −259‰ to −221‰) providing
the largest contrasts. The δ13C values provided strong discrimination between C3 (δ13C27–31 = −37.5‰ to
−33.8‰) and C4 (δ13C27–31 =−23.5‰ to−23.1‰) plants, but neither δ13C nor δ2H values could uniquely dif-
ferentiate aquatic and terrestrial species, emphasizing a stronger plant physiological/biochemical rather than en-
vironmental control over isotopic differences. ACL and CPI complemented isotopic discrimination, with
signiﬁcantly longer chain lengths recorded for trees and terrestrial plants compared with herbaceous perennials
and aquatic species, respectively. Application of a comprehensive Bayesian mixing model for 18 streambed sed-
iments collected between September 2013 and March 2014 revealed considerable temporal variability in theer).
188 R.J. Cooper et al. / Science of the Total Environment 520 (2015) 187–197apportionment of organicmatter sources. Median organicmatter contributions ranged from22% to 52% for trees,
29% to 50% for herbaceous perennials, 17% to 34% for C3 graminoids and 3% to 7% for C4 graminoids. The results
presented here clearly demonstrate the effectiveness of an integrated molecular and stable isotope analysis for
quantitatively apportioning, with uncertainty, plant-speciﬁc organic matter contributions to streambed sedi-
ments via a Bayesian mixing model approach.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Sediment ﬁngerprinting has become a popular technique for ap-
portioning the sources of deposited and suspended sediments
across a range of aquatic environments via a mixing model approach
(Mukundan et al., 2012; Guzmán et al., 2013; Walling, 2013). As the
number and type of source apportionment studies have increased
over recent years, there has been a shift in research focus towards
re-evaluating and advancing existing ﬁngerprinting procedures
(e.g. Koiter et al., 2013; Cooper et al., 2014a; Smith and Blake, 2014;
Laceby and Olley, 2014; Pulley et al., 2015). Because the majority of
existing ﬁngerprinting studies have focused solely on inorganic sedi-
ment provenance (e.g. Collins et al., 2013; Thompson et al., 2013;
Wilkinson et al., 2013), the apportionment of organic matter in ﬂuvial
sediments in agricultural settings remains largely undeveloped. Under-
standing the origins of ﬂuvial organic matter is important because or-
ganic material can constitute a signiﬁcant percentage of the total
sediment volume (e.g. Cooper et al., 2015). Furthermore, elevated or-
ganic matter concentrations are associated with enhanced transport of
nutrients and heightened biological oxygen demand, thus leading to a
degradation of water quality (Hilton et al., 2006; Withers and Jarvie,
2008). Whilst an understanding of the amount of organic material
transported in ﬂuvial systems can be achieved bymonitoring the ﬂuxes
of dissolved (DOC) and particulate organic carbon (POC) at the catch-
ment outlet (Alvarez-Cobelas et al., 2012; Némery et al., 2013), such
measurements are unable to yield quantitative information on the spe-
ciﬁc sources of this organic load.
Addressing this matter, compound-speciﬁc isotope analysis (CSIA)
has the potential to facilitate the identiﬁcation of organic matter contri-
butions to riverine sediments by exploiting differences in the stable iso-
topic composition amongst different plants at either the species or plant
functional type level (Marshall et al., 2007). Of particular interest in this
study are the carbon (δ13C) and hydrogen (δ2H) stable isotopic compo-
sitions of plant n-alkanes. Although n-alkanes represent only a small
fraction of total organic matter, these compounds have unique biologi-
cal origins which allow them to be used as plant-speciﬁc biomarkers
of organic matter contributions (Meyers, 1997). Compared with other
plant biochemical components, such as carbohydrates, amino acids
and lignin, long-chain n-alkanes also persist in the environment due
to a high resistance to degradation (Bourbonniere and Meyers, 1996),
thus making them suitable conservative ﬁngerprints for sediment
source apportionment. Variability in the carbon and hydrogen isotopic
compositions of plant n-alkanes is driven by a complex combination of
differences in plant physiology/biochemistry and a range of environ-
mental factors, including temperature, humidity, light availability, salin-
ity and the isotopic composition of water and CO2 (O'Leary, 1988;
Farquhar et al., 1989; Sessions et al., 1999; Hou et al., 2007; Sachse
et al., 2012). Importantly, this means that the degree of isotopic frac-
tionation is theoretically unique for each individual plant, thereby
allowing distinct n-alkane isotopic signatures to develop that can be
used to differentiate between different plant types.
A number of studies have previously been successful in using the
δ13C isotopic signatures of soils and sediments to identify ﬂuvial sedi-
ment contributions derived from allochthonous and autochthonous
sources (e.g. McConnachie and Petticrew, 2006; Schindler Wildhaber
et al., 2012; Fu et al., 2014; Wang et al., 2015), or from different land-
use types based on the dominant vegetation cover (e.g. Fox and
Papanicolaou, 2007; Gibbs, 2008; Blake et al., 2012; Hancock andRevill, 2013; Laceby et al., 2014). Similarly, previous studies have used
molecular ratios such as the average chain length (ACL) and carbon
preference index (CPI) to differentiate organic material of higher plant
origin from algal or microbial contributions, or to identify petrogenic
hydrocarbon inputs (e.g. Pancost and Boot, 2004; Jeng, 2006). However,
to our knowledge, the usefulness of integrating both molecular ratios
and compound-speciﬁc δ2H and δ13C values of individual organic com-
pounds for quantifying organic matter source apportionment in stream
sediments via a Bayesian mixing model approach has never been
assessed. Therefore, the main objectives of this study were as follows:
(i) to assess the effectiveness of δ2H and δ13C values of long-chain n-
alkanes (C27, C29, and C31) in differentiating (a) plants derived
from different functional types and (b) plants growing in aquatic
and terrestrial environments;
(ii) to determinewhether n-alkane ratios (ACL and CPI) can enhance
discrimination between plant groups when used in combination
with isotopic values;
(iii) to use these isotopic values and molecular ratios as ﬁngerprints
within a Bayesian mixing model to quantitatively apportion,
with uncertainty, plant-speciﬁc organic matter contributions to
streambed sediments.
We applied this novel CSIA ﬁngerprinting technique to streambed
sediments collected over a 7-month period between September 2013
and March 2014 from an agricultural headwater catchment of the
River Wensum, Norfolk, UK.2. Methods
2.1. Study location
The River Wensum is a nutrient enriched, lowland calcareous river
system, which drains an area of 593 km2 in Norfolk, UK. The Wensum
catchment is divided into 20 sub-catchments, one of which, the
20 km2 Blackwater sub-catchment, represents the area intensively
monitored as part of the RiverWensumDemonstration Test Catchment
(DTC) project (Outram et al., 2014). For observational purposes, the
Blackwater sub-catchment is divided into six ‘mini-catchments’ A to F,
each of which has a bankside monitoring kiosk at the outlet. The
5.4 km2 mini-catchment A provided the focus for this research
(Fig. 1). Situated ~40mabove sea levelwith gentle slopes that rarely ex-
ceed 0.5°, intensively farmed arable land constitutes 92% of this head-
water catchment. A 7-course crop rotation is practiced with autumn
and spring sown wheat and barley, sugar beet, oilseed rape and spring
beans. A small and variable amount of land is also lain down to maize
for game bird cover. The remainder of mini-catchment A is covered by
3% improved grassland, 2% semi-natural grassland, 1.5% deciduous
woodland, 0.5% coniferous woodland and 1% rural settlements. From
May to September, emergent macrophytes dominate stream primary
productivity, with this vegetation being cleared at the end of the grow-
ing season (mid-October) to improve catchment drainage and prevent
winter ﬂooding of the surrounding arable land. A weather station at
the outlet to mini-catchment A recorded average precipitation totals
of 808 mm year−1 and a mean average annual temperature of 9.2 °C
during April 2012–March 2014.
Fig. 1. The Blackwater sub-catchment of the River Wensum, Norfolk, UK, showing mini-catchments A–F, surface land cover and the locations of the collection of trees, graminoids and
herbaceous perennial plants within mini-catchment A.
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2.2.1. Streambed sediments
Streambed sedimentswere collected at the outlet tomini-catchment
A at approximately weekly intervals between September 2013 and
March 2014, yielding a total of 18 samples for analysis. This autumn to
spring period was chosen as it represents the most dynamic time with
respect to catchment sediment mobilization (e.g. Oeurng et al., 2011).
Sediment volumes of 1 l were obtained from the streambed surface (ap-
proximately b50mmdepth)using a non-magnetic trowel that hadbeen
thoroughly washed in the stream prior to sampling. Sediments were
transported back to the laboratory in sealed HDPE bottles, where upon
theywere immediately oven dried at 40 °C for 48–72 h. Dried sediments
were lightly disaggregated using a pestle andmortar and sieved down to
b63 μm to isolate the biochemically important clay–silt fraction
(Horowitz, 2008) in keeping with common sediment ﬁngerprinting
practice (e.g. Walling, 2005). These ﬁne sediments were stored in the
dark at room temperature in sealed polyethylene bags prior to analysis.2.2.2. Plant specimens
Plant leaf samples were collected across mini-catchment A during
August and September 2013 for the classiﬁcation of organic matter
source areas. A total of 30 individual plant specimens were collected
from two environments (aquatic and terrestrial) and four plant func-
tional types (trees, herbaceous perennials, and C3 and C4 graminoids),
and included a mixture of both cultivated and natural vegetation. For
aquatic plants, 12 specimenswere collected, all ofwhichwere emergent
macrophytes owing to their dominance of stream biomass. These in-
cluded the herbaceous perennials Chamerion angustifolium (rosebaywillowherb), Aegopodium podagraria (ground elder), Typha latifolia
(reed mace) and Iris pseudacorus (yellow ﬂag iris), as well as three C3
Poaceae graminoid specimens. For the terrestrial environment, 18 spec-
imens were obtained, including the tree species Crataegus monogyna
(hawthorn), Carpinus betulus (hornbeam), Fraxinus excelsior (ash) and
Acer campestre (ﬁeld maple); the herbaceous perennials T. latifolia
(reed mace), Raphanus sativus (oilseed radish) and Phaseolus vulgaris
(spring beans); the C4 graminoid Zea mays (maize); the C3 graminoid
Triticum sp. (wheat); and a further six natural C3 Poaceae graminoids.
For each plant specimen, ~10 g of leaves were collected to provide suf-
ﬁcient material for replicate sample analysis. On return to the laborato-
ry, samples were immediately frozen at−80 °C prior to being freeze-
dried for 48 h and stored in the dark at room temperature in sealed
polyethylene bags.
2.3. Particulate organic carbon
Particulate organic carbon (POC) concentrations for the 18 stream-
bed sediments were determined following the procedure of Cooper
et al. (2014b). 25 mg of each sediment sample was mixed into suspen-
sion with 1 l of Milli-Q water (Merck Millipore, Billerica, MA, USA) and
vacuum ﬁltered onto quartz ﬁber ﬁlter (QFF) papers with a particle re-
tention rating of 99.3% at 0.45 μm. Sediment covered ﬁlters were oven
dried at 105 °C for 2 h and ﬁnely ground into powders. The resulting
powders were then analyzed directly by diffuse reﬂectance infrared
Fourier transform spectroscopy (DRIFTS) to yield POC (%) concentra-
tions. The spectrometer had previously been calibrated by partial least
squares regression (PLS) against standards with known POC concentra-
tions determined by loss-on-ignition, with POC taken to be 58% of total
organic matter (Broadbent, 1953).
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Two different techniques were required to extract aliphatic n-
alkanes from streambed sediments and plant materials. For sediments
requiring a more polar solvent to extract both the free and mineral-
associated organic material, samples were mixed with Ottawa sand
(SiO2; 20–30 mesh) in a 4:1 sand–sediment ratio to improve volatiliza-
tion of material prior to being run through a Dionex Accelerated Solvent
Extractor (ASE) 200™with HPLC grade dichloromethane solvent oper-
ated at 100 °C and 1500 psi. For plant specimens, alkaneswere extracted
by repeated sonication (3× 10min) of 2 g of leafmaterial in HPLC grade
hexane. This procedurewas duplicated for all 30 specimens using differ-
ent leaves from the same plant to enable evaluation of isotopic variabil-
ity within individual plants. Extracts from both plants and sediments
were concentrated down to 1 ml under nitrogen gas in a Caliper Life
Sciences TurboVapWorkstation™. Final concentration down to dryness
was made under nitrogen gas and the residues were re-dissolved in
1 ml hexane. The n-alkane extracts were puriﬁed by elution with
hexane during column chromatography through a silica gel (70–
230 mesh) stationary phase, and the resulting eluate was concentrated
down to 1ml under nitrogen gas in preparation formolecular and stable
isotope analyses.
2.5. n-Alkane ratios
The distribution and abundance of n-alkanes C13–C34 were analyzed
using an Agilent Technologies 7820A gas chromatograph ﬁtted with a
ﬂame ionization detector (GC–FID). The GC oven temperature was ini-
tially set to 50 °C for sample injection and was then ramped up at
20 °C min−1 between 50 °C and 150 °C, and 8 °C min−1 between
150 °C to 320 °C. The ﬁnal temperature was held for 5 min. Individual
n-alkanes were identiﬁed by comparison of elution times against a
known n-C16 to n-C30 standard (A. Schimmelmann, Indiana University,
USA). Molecular distributions were summarized by the CPI and ACL
metrics following Zhang et al. (2006).
2.6. n-Alkane carbon and hydrogen isotope analyses
Compound-speciﬁc δ2H and δ13C values were determined using a
Thermo Scientiﬁc™ Delta V™ Advantage isotope ratio mass spectrome-
ter (IRMS) coupled with a GC-Isolink gas chromatograph. The GC oven
temperature rampwas the same as that used for the GC–FID and reactor
temperatures were set to 1000 °C for carbon and 1400 °C for hydrogen
modes, respectively. All samples were run in duplicate and an n-alkane
(C16 to n-C30) standard was analyzed at the beginning and end of every
16 run sequence. 13C/12C isotopic compositionwas expressed relative to
theVienna Pee-Dee Belemnite (VPDB) standard and 2H/1H isotopic com-
position relative to Vienna StandardMeanOceanWater (VSMOW). Only
compounds ubiquitous to all sediment samples and plant specimens
were used as ﬁngerprints for source apportionment. For δ13C, this
meant the high-molecular weight n-alkanes C27, C29, and C31, whilst
C27 and C29 were selected for δ2H. Poor reproducibility of C31 for δ2H
meant it was excluded from the analysis. Abundance weighted C27–
C31 values for δ13C and C27–C29 values for δ2H were included as ﬁnger-
prints to account for within plant variation in chain length abundance,
and were calculated as follows:
C27−29 31ð Þ ‰ð Þ ¼
XM
m¼1 δm  αmð ÞXM
m¼1αm
where δ is the isotopic value in ‰; α is the abundance in pico-volts
(pV); M is the number of n-alkanes (three for δ13C, two for δ2H); and
m is the alkane index. Mean absolute errors between replicate samples
(precision) were 2‰ for δ2H27, 1‰ for δ2H29 and 0.1‰ for δ13C27, δ13C29
and δ13C31.2.7. Statistical source discrimination and Bayesian apportionment
TheKruskal–Wallis one-way analysis of variance and stepwise linear
discriminant analysis based on the minimization of the Wilks's lambda
criterion were employed to quantitatively determine the proportion of
source area samples that could be correctly classiﬁed by selected isoto-
pic values and n-alkane ratio ﬁngerprints (Collins et al., 2012). Principal
component (PC) analysis plots were also generated to visualize the
mixing space geometry. Due to differences in plant physiology/
biochemistry, the abundance of n-alkanes produced per unit of organic
matter has been shown to vary between both species and different
chain lengths within the same plant (Diefendorf et al., 2011; Bush and
McInerney, 2013). Consequently, isotopic values and molecular ratios
were weighted by relative n-alkane abundances (pV) when grouping
ﬁngerprints by source prior to running the source apportionment
mixing model. This was done by passing the abundance weighted
mean and covariance matrix for each source onto the Bayesian mixing
model to quantitatively apportion n-alkane sources.
A Bayesian mixing model approach was adopted here because, un-
like traditional frequentist mixing models such as IsoError (Phillips
and Gregg, 2001) or IsoSource (Phillips and Gregg, 2003), Bayesian
models allow for the full characterization of spatial geochemical vari-
ability, instrument precision and residual error, to yield a realistic and
consistent assessment of the uncertainties associated with source ap-
portionment estimates. This full and coherent translation of all known
and residual uncertainties into parameter probability distributions rep-
resents a signiﬁcant advancement over frequentist mixing models. It
also averts the issue of each feasible solution being no more probable
than the next— a signiﬁcant limitation of the commonly used IsoSource
model. This approach has already been applied to inorganic geochemi-
cal data from the same catchment (Cooper et al., 2015). Full structural
details of the Bayesian model employed here are presented in the sup-
plementary material and in Cooper et al. (2014a). In summary, samples
were drawn from the joint posterior probability density function of the
variables of interest:












where Y, the concentration of each ﬁngerprint in streambed sediment
organic matter, is a function of the concentration of that ﬁngerprint in
each plant source group, S, multiplied by the proportional organic mat-
ter contribution from each source, P = ILR−1(Φ). Φ are isometric log-
ratio (ILR) transformed proportions (P); ΣresZ is the combined instru-
ment and residual error, where instrument precision is derived empiri-
cally from repeat sample analysis; are covariance matrices; σ 2 are
variances; and μ are means.
The model was run in the open source software JAGS 3.3.0 (Just An-
other Gibbs Sampler; Plummer, 2003) within the R environment (R
Development Core Team, 2014). The model employed a Markov Chain
Monte Carlo (MCMC) sampling procedure of the full parameter distri-
butions using three parallel chains of 250,000 iterations with a
100,000 sample burn-in and a 225 sample jump length to ensure
model convergence and minimize autocorrelation between sample
runs. A ﬁnal correction was required to convert the mixing model n-
alkane source apportionment results into contributions of organic mat-








where POM is the corrected contribution of organic matter from each
source; P is the mixing model estimated proportion of n-alkanes; α is
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of sources; and k is the source index.
3. Results and discussion
3.1. Isotopes for discriminating plant functional types
3.1.1. Hydrogen
CSIA of the 13 plant species collected from across mini-catchment A
revealed that δ2H provided strong discrimination between some plant
functional groups (Fig. 2; Table 1). Tree species (F. excelsior, C. betulus,
C. monogyna and A. campestre) exhibited the most 2H-enriched compo-
sition, with δ2H27–29 values ranging from−208‰ to−164‰, with an
n-alkane abundanceweightedmean of−185‰. This contrasted strong-
lywith the C3 graminoidswhich had the lowest δ2H27–29 values, ranging
from −259‰ to −221‰ with an abundance weighted mean of
−246‰. This is consistent with previous studies which have similarly
recorded C3 graminoids being isotopically depleted in 2H relative to
other plant types growing within the same environment (e.g. Hou
et al., 2007; Eley et al., 2014). This has been linked to differences in
leaf physiology between monocotyledonous graminoids and dicotyle-
donous trees and herbaceous plants (Helliker and Ehleringer, 2002).
Themajority of species representing the herbaceous perennial group
(δ2H27–29 = −223‰ to −172‰), which included both natural
(T. latifolia, A. podagraria, C. angustifolium and I. pseudacorus) and culti-
vated (P. vulgaris and R. sativus) species, overlapped with trees, though
some had δ2H27–29 values closer to C3 graminoids. Despite this, the
herbaceous perennials, which had an abundance weighted mean of
−216‰, were signiﬁcantly (t-test p = 0.002) different from both the
tree and C3 graminoid groups.Fig. 2.Distribution of δ2H27–29 and δ13C27–31 values (‰) for streambed sediments and individua
environments, respectively. Parentheses refer to the number of specimens for each species/sedTheC4 graminoid Z.mays (−195‰), the only C4 species in this study,
was 2H-enriched by ~50‰ relative to the C3 graminoids, but overlapped
with trees and herbaceous perennials. Previous studies have linked this
2H-enrichment to shorter interveinal distances allowing for greater
back diffusion of isotopically enriched water from the stomata into the
veins in C4 plants (Smith and Freeman, 2006). Overall, there existed a
sizeable 94‰ range in δ2H27–29 values across all 13 plant species with
a clear distinction between C3 graminoids and the other plant functional
groups, thus conﬁrming the suitability of δ2H as an effective discrimina-
tor and ﬁngerprint of different plant types.
3.1.2. Carbon
The dominant interspecies distinction in δ13C27–31 values was the
~12‰ difference between the C4 graminoid Z. mays and the other C3
species (Fig. 2). This is consistent with previous studies, which have re-
corded similar 13C-enrichment of C4 plants compared with C3 species
and attributed this to differences in plant physiology (e.g. Pancost and
Boot, 2004). The range of δ13C27–31 values for trees (−39.2‰ to
−34.2‰), C3 graminoids (−37.5‰ to−33.8‰) and herbaceous peren-
nials (−39.0‰ to−34.1‰) are comparablewith the isotopic values re-
corded for long-chain n-alkanes from a variety of C3 higher terrestrial
plants in other studies (e.g. Collister et al., 1994; Lockheart et al.,
1997; Chikaraishi and Naraoka, 2007). However, the substantial over-
laps between functional groups means that there are no signiﬁcant dif-
ferences between trees, herbaceous perennials and C3 grasses, thus
preventing discrimination based solely upon the δ13C values. This con-
trastswith past research that has identiﬁed differences in the δ13C values
between angiosperm and conifer species, for example Pedentchouk et al.
(2008). However, there remains a relatively large intra-group variability
that would allow individual species identiﬁcation based on δ13C27–31l plant species arranged by plant functional type. [A] and [T] refer to aquatic and terrestrial
iment.
Table 1
Summary of n-alkane ratios and isotopic compositions for streambed sediments and plant species grouped by functional type and environment. ACL is the average chain length; CPI the
carbon preference index; Cmax themost abundant n-alkane; μ is themean; σ is the standard deviation. Full results for individual plant specimens are presented in supplementary Table S1.
Source/Target Stat. ACL CPI Cmax δ13C27 (‰) δ13C29 (‰) δ13C31 (‰) δ13C27–31 (‰) δ2H27 (‰) δ2H29 (‰) δ2H27–29 (‰)
Streambed sediments (n= 18) μ 28.9 6.5 29 −34.7 −35.7 −36.0 −35.6 −178 −203 −195
σ 0.1 1.1 0 0.5 0.3 0.3 0.3 9 10 9
Trees (n= 10) μ 29.7 13.2 31 −35.5 −37.6 −37.2 −37.0 −158 −190 −181
σ 0.5 6.2 1 1.2 1.2 1.7 1.6 13 14 14
Herbaceous perennials (n= 28) μ 28.7 12.2 29 −35.7 −36.7 −36.3 −36.4 −181 −209 −200
σ 0.8 5.1 1 1.7 1.3 1.5 1.4 17 15 16
C3 graminoids (n= 20) μ 29.0 20.8 29 −36.1 −36.5 −36.9 −36.5 −221 −251 −244
σ 1.1 9.9 1 1.4 1.0 0.9 0.9 16 12 12
C4 graminoids (n= 2) μ 30.4 13.4 31 −23.6 −23.7 −22.9 −23.3 −164 −200 −194
σ 0.1 0.3 0 0.3 0.3 0.1 0.2 1 1 1
Aquatic plants (n= 24) μ 28.4 12.2 29 −35.4 −36.4 −36.1 −36.0 −200 −224 −215
σ 0.8 4.8 1 1.0 1.1 1.2 0.9 23 20 21
Terrestrial plants (n= 36) μ 29.4 17.3 29 −35.4 −36.3 −36.2 −36.2 −184 −219 −209
σ 0.8 9.2 1 3.5 3.4 3.6 3.5 30 31 31
192 R.J. Cooper et al. / Science of the Total Environment 520 (2015) 187–197values. For example, for herbaceous perennials where P. vulgaris
(−38.6‰) is 13C-depleted relative to the other herbaceous species
(−38.3‰ to−34.1‰). The δ13C27–31 values of the streambed sediments
(−36.1‰ to−34.9‰) places them ﬁrmly within the isotopic range of
the C3 plant community, indicating limited input fromC4 plants. Because
such C3 versus C4 discrimination cannot be obtained solely from δ2H
values, the results presented here clearly support a combined δ2H/δ13C
isotopic approach for apportioning sources of organic matter, particular-
ly in catchments with a greater abundance of C4 vegetation.3.2. Isotopes for discriminating aquatic and terrestrial plants
The environment in which plants were growing exerted no obvious
control over δ2H or δ13C values, as revealed by substantial overlap be-
tween the aquatic and terrestrial groups (Fig. 2). δ2H27–29 values were
marginally more enriched in terrestrial plants (mean (μ) =−209‰;
standard deviation (σ)=31‰) comparedwith aquatic growing species
(μ=−215‰; σ= 21‰), however this difference was not signiﬁcant
(t-test p = 0.3). It is therefore not possible to differentiate terrestrial
and aquatic plant groups based solely upon these isotopic values. The
hydrogen isotopic composition of the streambed sediments placed
them towards the terrestrial plant source group, although little can be
inferred from this due to the poor source environment discrimination.
The absence of aquatic versus terrestrial discrimination implies that
isotopic variability amongst the studied plantswas principally driven by
plant physiological and/or biochemical differences rather than the
growing environment. Theoretically, one might have expected lower
δ2H values in aquatic plants compared to terrestrial species, because
higher levels of humidity andwater availability in aquatic environments
reduce stomatal conductance and thus lower discrimination against 2H
during transpiration (Doucett et al., 2007; Sachse et al., 2012). Addition-
ally, one might reasonably expect the δ2H values of the stream water
absorbed by aquatic plants to differ from the isotopic composition of
the soil water used by terrestrial species,with the former being supplied
by groundwater and the latter by more recent precipitation. However,
no evidence was observed for these mechanisms with the species col-
lected here. This can probably be explained by the shallow nature of
this headwater stream (mean stage=0.25m), where emergentmacro-
phytes growing N1.5 m tall dominate aquatic primary productivity. In
contrast to submerged macrophytes, emergent species will be exposed
to similar environmental stressors as their terrestrial equivalents, thus
weakening any environment driven differences. As a consequence, we
cannot rule out δ2H and δ13C as potential discriminators between aquat-
ic and terrestrial organic matter sources, but merely highlight that dif-
ferences in growing environment, particularly in headwater streams,
may not impart as large an isotopic fractionation signal as physiological
differences linked to plant functional type. Because of these ﬁndings,plant functional type rather than environment was pursued as the
main source group classiﬁcation for Bayesian source apportionment
3.3. Molecular ratios for discriminating plant types and environment
Fig. 3 presents then-alkanemixing space plots of ACL andCPI for plant
species grouped by (a) plant functional type and (b) environment. De-
spite considerable scatter between individuals of the same group, tree
species had signiﬁcantly (t-test p b 0.001) longer ACLs (μ= 29.7; σ=
0.5; Table 1) than the herbaceous perennials (μ= 28.7; σ= 0.8), whilst
terrestrial plants (μ=29.5; σ=0.8) had signiﬁcantly (t-test p b 0.001)
longer ACLs than the aquatic growing plants (μ= 28.4; σ= 0.7). Con-
sequently, whilst overlap between the groups prevent ACL values being
used on their own to uniquely identify sources, they nevertheless assist
with source identiﬁcation by contributing complimentary discrimina-
tion to that provided by the isotopic data. Similarly, although there is
signiﬁcant overlap in the CPI values, terrestrial plants (μ= 17.3; σ=
9.2) do have signiﬁcantly (t-test p = 0.006) higher CPI values than
aquatic plants (μ= 12.2; σ= 4.8). There is also a clear distinction be-
tween terrestrial C3 graminoids with CPI values N25 and aquatic C3
graminoids with CPI values b15.
The ACL values for the 18 streambed sediments (range = 28.6 to
29.1) indicates that higher plants were the dominant source of n-
alkanes in this river system. In contrast, sediment CPI values
(range = 4.7 to 8.6) are towards the lower end of the range observed
across all source groups. Lower CPI values can be a sign of increased
algal or microbial organic contributions (Jeng, 2006; Zech et al., 2011).
However, a chromatogram of mean n-alkane chain length distributions
for all 18 streambed samples (Fig. 4) revealed sediments to be dominat-
ed by longer-chained n-alkanes with a strong odd-over-even predomi-
nance. Such distributions, coupled with large terrigenous-to-aquatic
ratios (TARHC; range = 15.5 to 64.5), are indicative of higher terrestrial
plant origins (Bourbonniere and Meyers, 1996; McDuffee et al., 2004).
This allows algae and bacteria to be excluded as major organic matter
sources during this autumn to spring period. Low CPI values can also in-
dicate contributions from ancient organic matter weathered out of the
soil proﬁle (Pancost and Boot, 2004). Depending on its age, this ancient
material may reﬂect relic plant communities that bear little resem-
blance to the modern intensive arable system and therefore would not
have been represented by the plant specimens collected here to classify
source groups. Petroleum washed off metaled roads and transported
into the stream during heavy rainfall events could also explain these
low CPI values.
3.4. Statistical discrimination of isotopic and molecular ratio ﬁngerprints
Principal component analysis (Fig. 5) revealed that 95.1% of the var-
iability between the plant species could be explained by the ﬁrst three
Fig. 3.Average chain length (ACL) and carbon preference index (CPI)mixing space plots for streambed sediments and individual plant specimens grouped by (a) plant functional type and
(b) environment. Shaded ellipsoids encompass 50% of group range.
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alkane ratio ﬁngerprints (δ13C27, δ13C29, δ13C31, δ13C27–31, δ2H27, δ2H29,
δ2H27–29, ACL, and CPI). PC1, which explained 43.69% of data variance,
weighed most heavily upon the four δ13C ﬁngerprints, with the more
positive δ13C values of C4 graminoids providing the greatest distinction.
The second principal component (33.92% of data variance) highlighted
hydrogen isotope composition as a powerful discriminator between
the 2H-depleted C3 graminoids and the comparatively 2H-enriched her-
baceous perennials and trees. In the third component (17.51% of vari-
ance), ACL was the dominant discriminator, with higher ACL values
for trees helping to distinguish this group from the herbaceous peren-
nials. CPI was also an important distinguishing metric, with values in-
creasing from herbaceous perennials (μ= 12.2), to trees (μ= 13.2)
and ﬁnally C3 graminoids (μ= 20.8).
The Kruskal–Wallis one-way analysis of variance revealed that eight
out of the nine ﬁngerprints could successfully differentiate between
plant functional types at the 95% signiﬁcance level (Table 2). Whilst
previous studies have used failure to pass this test as a ﬁngerprint rejec-
tion criterion in traditional frequentist source apportionment studies
(e.g. Collins et al., 2012; Evrard et al., 2013), other research has demon-
strated that maximizing the number of ﬁngerprints used in Bayesian
mixing models can help to signiﬁcantly improve differentiation andFig. 4. Chromatogram of themean n-alkane chain length distribution for the 18 streambed
sediment samples collected between September 2013 andMarch 2014, expressed relative
to C29. High-molecular weight n-alkanes ubiquitous to all samples and selected as isotopic
ﬁngerprints are labeled.reduce model uncertainties, provided the ﬁngerprints contribute some
discriminatory information (Parnell et al., 2010). All nine ﬁngerprints
were therefore passed onto the Bayesianmixingmodel. In combination,
the minimization of Wilks's lambda procedure revealed 93.1% of plant
specimens could be correctly classiﬁed by plant functional type from
these nine ﬁngerprints, with δ13C31 and δ2H27–29 being the two most
important discriminants (highest F-values; Table 2).
3.5. Application of the Bayesian source apportionment mixing model
The 7-month time-series of organic matter source contributions to
streambed sediments, as estimated by the nine ﬁngerprint Bayesian
mixing model, are presented in Fig. 6. Over the entire September 2013
to March 2014 period, POC concentrations varied between 3% and 7%
of total sediment volume, which is considerably lower than the 10%–
13% recorded for suspended particulate matter (SPM) collected at the
same time from the same site (data not shown). Although n-alkanes
represent only a small fraction of this total organic material, their con-
servative naturemeanswe canwork on the assumption that the sources
of n-alkane biomarkers are representative of the sources of the entire
organic matter content of the streambed sediments. In this regard, her-
baceous perennials were estimated to account for a mean 39% (13–65%
at the 95% credible interval) of sediment organic matter over this 7-
month period, with a further 33% (12–54%) from trees, 26% (7–46%)
from C3 graminoids and just 4% (0–16%) from C4 graminoids. The high
contribution from herbaceous plants is consistent with the dominance
of emergent herbaceous macrophytes in the stream channel during
the summer months. Similarly, whilst only 1.5% of the catchment is de-
ciduous woodland, signiﬁcant tree contribution was not surprising
given theproximity of deciduous trees to the stream. There is also an ex-
tensive network of C. monogyna and A. campestre hedgerows across the
catchment, which most likely contributed signiﬁcant quantities of tree
derived organic material following autumn and winter leaf fall.
In spite of the relatively low precision of the proportional contribu-
tions, which arises as a consequence of the comprehensive Bayesian
treatment of all perceived uncertainties (Cooper et al., 2014a), consider-
able temporal variability in apportionment estimates was still apparent.
Median contributions from trees ranged from 22% to 52% (3% to 70% at
the 95% credible interval), herbaceous perennials from 29% to 50% (2%
to 67%) and C3 graminoids from 17% to 34% (4% to 58%) across the 7-
month period. By contrast, median C4 graminoid contributions were
consistently low at 3% to 7% (0% to 22%). As expected from the PC anal-
ysis (Fig. 5), variability in sediment δ2H27–29 values appeared to exert
Fig. 5. Principal component analysis of plant functional type sources (left) and ﬁngerprint loadings (right) for theﬁrst three components. Shaded ellipsoids encompass 50% of group range.
194 R.J. Cooper et al. / Science of the Total Environment 520 (2015) 187–197the dominant control over estimated source contributions. Increases in
δ2H27–29 values were generally associated with increases in tree contri-
bution and declines in C3 graminoid supply, reﬂecting themore positive
δ2H values of tree-derived organic material (Fig. 2). None of the source
contributions correlatedwith either stage orweekly precipitation totals.
Despite this variability in source apportionment estimates at a
weekly timescale (Fig. 6), there was no strong seasonality to estimated
contributions, in contrast towhat onemight intuitively expect consider-
ing the strong seasonal nature of plant growth.Whilst tree contribution
does increase by 17% during early October, whichmay relate to autumn
leaf fall, this cannot directly explain the peak in tree contribution at 52%
during mid-February 2014. Similarly, whilst herbaceous perennial con-
tribution is marginally higher (median= 43%) during the September to
November die-back of emergent macrophytes than during theTable 2
Kruskal–Wallis one-way analysis of variance and minimization of ﬁngerprint discrimination st
Fingerprint property Kruskal–Wallis Minimization of Wilks's lambda
H-value P-value Selection step Wilks's Lambda
δ13C31 10.14 0.017 1 0.167
δ2H27–29 42.32 b0.000 2 0.043
ACL 13.48 0.004 3 0.034
δ13C27 7.39 0.060 4 0.028
δ2H29 40.08 b0.000 5 0.024
δ13C27–31 8.24 0.041 6 0.021
δ2H27 41.95 b0.000 7 0.019
δ13C29 9.18 0.027 8 0.017
CPI 8.34 0.039 9 0.016December toMarch period (median= 38%), the trend is not signiﬁcant
within the 95% uncertainty intervals of the model.
Previous research has shown the δ2H values of individual plant
species can vary seasonally in response to environmental stressors
(e.g. temperature) by up to 44‰ (Pedentchouk et al., 2008; Eley et al.,
2014). Whilst we potentially see evidence for this seasonality here,
with the most isotopically depleted sediment δ2H27–29 values occurring
during the colder winter months (~−200‰) and the most enriched
values occurring in autumn and spring (~−185‰) (Fig. 6), this does
not translate into seasonality in apportionment estimates. On reﬂection,
the lack of seasonal apportionment sensitivity most likely reﬂects the
composition of deposited streambed sediments being inherently less
dynamic and responsive to catchment processes than ﬁne grained
SPM, for example. Streambed sediments represent a cumulativeatistics.










Fig. 6. Time-series of organic matter source apportionment estimates and streambed sediment ﬁngerprints for the RiverWensum during September 2013–March 2014. Dark shading and
light shading around median source apportionment estimates represent the 50% and 95% Bayesian credible intervals, respectively. Shading around isotopic values and ACL, CPI and POC
measurements represents instrument error.
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months. As such, the delivery of a pulse of δ2H enriched autumn tree
leaf litter to the river, which may be instantly detectable in SPM,
would form just the most recent quantitatively insigniﬁcant addition
to a larger pool of accumulated organic detritus deposited on the
streambed. Additionally, autumn leaf litter may remain on the ground
for a prolonged period of time before precipitation of sufﬁcient intensity
is capable of initiating surface runoff to entrain and transport this organ-
ic material to the stream channel.
3.6. Signiﬁcance and further research
The novel data presented here clearly demonstrate that an integrat-
ed molecular and carbon and hydrogen CSIA of leaf wax n-alkanes is aneffective approach for quantitatively apportioning plant-speciﬁc organ-
ic matter contributions to streambed sediments within a Bayesian un-
certainty framework. In particular, the δ2H values of leaf waxes proved
to be an effective biomarker for differentiating between individual
plant species based upon their broad functional type, whilst δ13C values
and n-alkane ratios provided complimentary discrimination based on
C3/C4 physiological differences and different environments, respective-
ly. In contrast to inorganic ﬁngerprints which have commonly been
used to discriminate sediment sources based on catchment geology
and soil type in previous sediment source apportionment studies
(e.g. Martínez-Carreras et al., 2010; D'Haen et al., 2012), these isotopic
differences in n-alkane composition offer considerable potential to
quantify land-use speciﬁc contributions to ﬂuvial organic matter. In
this respect, future research could usefully examine if soils under
196 R.J. Cooper et al. / Science of the Total Environment 520 (2015) 187–197particular plant types are tagged with unique δ2H and δ13C signatures,
which may allow these isotopes to be used as direct land-use speciﬁc
soil erosion tracers. There would also be utility in applying these
techniques to SPM collected at high-temporal resolution during precip-
itation events as a means of better understanding organic matter
provenance and transport during dynamic high-ﬂow conditions. Final-
ly, examination of a variety of natural and cultivated plant species
would allow for an assessment of the effectiveness of both δ13C and
δ2H as discriminators of crops and natural vegetation, which could as-
sist with the apportioning of anthropogenic organic matter inputs to
ﬂuvial environments.
4. Conclusions
Organicmatter is an important constituent of the particulatemateri-
al transported in ﬂuvial systems, yet techniques capable of quantitative-
ly apportioning its origin have largely been overlooked by the sediment
ﬁngerprinting community. Addressing this deﬁciency, we successfully
demonstrate how a novel, combined molecular and δ13C and δ2H
compound-speciﬁc stable isotope analysis of n-alkane plant lipid ex-
tracts can be used to apportion plant-speciﬁc organic matter contribu-
tions to ﬁne (b63 μm) streambed sediments in a lowland, arable
catchment. From the lipid extracts of 18 streambed sediments and 30
individual plant specimens collected from across two environments
(aquatic and terrestrial) and four plant functional types (trees, herba-
ceous perennials, and C3 and C4 graminoids), seven isotopic values
(δ13C27, δ13C29, δ13C31, δ13C27–31, δ2H27, δ2H29 and δ2H27–29) and two n-
alkane ratios (ACL and CPI) were derived, which were capable of suc-
cessfully differentiating 93.1% of plant specimens by functional group.
δ2H27–29 proved to be the dominant discriminator of plants originating
from different functional types, with the largest contrasts arising be-
tween trees (−208‰ to −164‰) and C3 graminoids (259‰ to
−221‰). δ13C27–31 provided effective discrimination between the
13C-enriched C4 graminoids and C3 plants. Neither δ2H nor δ13C could
robustly differentiate aquatic and terrestrial plants, emphasizing a
stronger physiological rather than growing environment control over
isotopic fractionation. The ACL and CPI were, however, more successful
at differentiating terrestrial and aquatic plants, indicating that suchmo-
lecular ratios can complement source area identiﬁcation when used in
combinationwith isotopic values. Bayesianmixingmodel source appor-
tionment results took full account of the uncertainties presentwhilst re-
vealing considerable temporal variability in plant contributions to
streambed sediments during the 7-month period between September
2013 and March 2014. Median contributions ranged from 22% to 52%
for trees, 29% to 50% for herbaceous perennials, 17% to 34% for C3
graminoids and 3% to 7% from C4 graminoids, with apportionment
exhibiting no apparent seasonality. The results of this study have
clearly demonstrated the effectiveness of an integrated molecular and
compound-speciﬁc carbon and hydrogen isotope analysis for identify-
ing plant-speciﬁc contributions to streambed sediment organic matter
via a Bayesian mixing model approach. Future research should further
investigate the potential of δ2H and δ13C as direct erosion tracers of
soils under different land cover types.
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